Background: Hepatitis C virus (HCV) is a major public health concern and data on its molecular epidemiology in Sweden is scarce. We carried out an 8-year population-based study of newly diagnosed HCV cases in one of Sweden's centrally situated counties, Sö dermanland (D-county). The aim was to characterize the HCV strains circulating, analyze their genetic relatedness to detect networks, and in combination with demographic data learn more about transmission. Methods: Molecular analyses of serum samples from 91% (N0557) of all newly notified cases in D-county, 2002Á2009, were performed. Phylogenetic analysis (NS5B gene, 300 bp) was linked to demographic data from the national surveillance database, SmiNet, to characterize D-county transmission clusters. The linear-by-linear association test (LBL) was used to analyze trends over time. Results: The most prevalent subtypes were 1a (38%) and 3a (34%). Subtype 1a was most prevalent among cases transmitted via sexual contact, via contaminated blood, or blood products, while subtype 3a was most prevalent among people who inject drugs (PWIDs). Phylogenetic analysis revealed that the subtype 3a sequences formed more and larger transmission clusters (50% of the sequences clustered), while the 1a sequences formed smaller clusters (19% of the sequences clustered), possibly suggesting different epidemics. Conclusion: We found different transmission patterns in D-county which may, from a public health perspective, have implications for how to control virus infections by targeted interventions.
H epatitis C virus (HCV) poses a major challenge for public health with 130Á150 million chronic carriers worldwide and an estimated 500,000 related deaths annually (1) . In Sweden (population: approximately 9 million people), at least 45,000 individuals are estimated to be chronic carriers of HCV and it is one of the leading causes of liver transplantation (2Á4).
Before HCV was identified in 1989, and before implementation of blood donor screening in 1991, HCV was allowed to spread through blood transfusions and poorly sterilized medical equipment (5) . Today, the Swedish HCV epidemic is driven by people who inject drugs (PWIDs) and is likely related to a substantial increase of this group in the late 1960s and 1970s (3, 4, 6) . HCV exhibits a high degree of genetic diversity (7) and is characterized by regional variations in genotype prevalence (8, 9) . It has been classified into seven genetically different genotypes, 1Á7, 67 confirmed subtypes, and an additional 21 unassigned subtypes (10, 11) . There is no HCV vaccine available and increased knowledge on genotype, or even subtype, is critical for treatment duration and outcome prediction with many of the new direct acting antivirals (DAAs) (12Á14). Considering the high costs of the latest pan-genotyping DAAs, the lack of a vaccine, as well as a constant recruitment of young PWIDs, the eradication of HCV is likely out of reach in the near future. Molecular characterization of HCV is important for both disease surveillance to guide implementation of preventive and control measures and for providing information for treatment and vaccine strategies.
In Sweden, it is mandatory for clinicians and laboratories to report and add demographic information on diagnosed cases of HCV to the national surveillance database SmiNet governed by The Public Health Agency. The report rate of genotype results, 2005Á2014, was approximately 5%, and in cases of sequence-based genotyping the sequences are rarely, if at all, made public. To date, only fragmented genotyping data and few Swedish HCV sequences have been published (15Á19) and further knowledge of the molecular epidemiology and circulating HCV strains in Sweden is needed. Here, we report on a population-based study on all first time notified cases of hepatitis C in the Swedish county, Sö dermanland (D-county), between 2002 and 2009. The aim was to molecular characterize the HCV strains circulating, analyze their genetic relatedness to detect networks, and in combination with demographic data learn more about transmission.
Materials and methods

Study population
Serum samples from 557 of 613 (91%) newly notified HCVpositive cases in D-county were collected between 2002 and 2009. All HCV confirmatory tests were performed at Capio Diagnostics (Eskilstuna, D-county); detection of antibodies with ARCHITECT Anti-HCV (Abbott, Chicago, USA) and INNO-LIA HCV Score (Fujirebio, Tokyo, Japan). RNA qualitative tests were performed using COBAS AMPLICOR HCV Test (Roche, Pleasanton, California). Demographic information was retrieved from SmiNet. All serum samples were coded with lab nr-ID and could only be associated with an identifiable individual by authorized staff at Public Health of Sweden working with hepatitis C case notifications in SmiNet. This study did not modify the existing diagnosis or the therapeutic strategy.
RNA extraction and sequencing HCV RNA was extracted from 100 ml serum using an inhouse phenol-chloroform extraction method and stored in (708C. Synthesis of cDNA was performed using SuperScript III reverse transcriptase (Invitrogen, Carlsbad, California) and random hexamers (Roche Diagnostics, Pleasanton, California) according to manufacturer's guidelines. Primarily semi-nested PCR reactions were performed targeting NS5B; PCR1, 467 bp, using primers hep-101 and hep-120 (20) and PCR II, 383 bp, using primers hep-101 and hep-105 (21) . If negative in the NS5B region, PCR reactions were amplified targeting the core gene; PCR1, 725 bp, using primers 186 and NCR3 (21) and PCRII, 709 bp, using primers 186 and univ-1 (20) . The nested PCR products were purified and sequenced using BigDye Terminator Cycle Sequencing Ready reaction kit version (Applied Biosystems, Foster City, USA) and the primers were used in the PCR as sequencing primers. The ABI PRISM 3100 genetic analyzer (Applied Biosystems, Foster City, USA) was used for capillary electrophoresis sequencing and data collection. Sequences were edited using the CLC Main workbench 6 software (CLCbio, Aarhus, Denmark).
Genotyping and phylogenetic analysis
Determination of the HCV subtype was done by phylogenetic analysis using reference sequences from the Los Alamos HCV data base (www.hcv.lanl.gov/content/index).
To obtain a reference data set, all HCV sequences available at the time of analysis (March 20, 2014) were downloaded from the NCBI nucleotide collection (N0 147,534). A BLAST database was built from these sequences using makeblastdb (BLAST'2.2.29). All query (NS5B) sequences were matched against the BLAST database using BLASTN. Identity score results of 83 and 87%, empirically tested, were used to exclude sequences from other subtypes than 3a and 1a, respectively. After phylogenetic analysis of the reference data set, large clusters belonging to one patient were removed to reduce bias in sequence diversity. All remaining reference sequences with overlap ]280 nt with the Swedish NS5B sequences (300 nt) were collected in a reference data set. The reference sequences and Swedish sequences were aligned using Clustal Omega v1.2.0. Garli 2.01 was used for maximum likelihood phylogenetic analysis using the general timereversible (GTR) model. The reliability of each tree split was estimated by the approximate likelihood-ratio test ShimodairaÁHasegawa (aLRT-SH) using PhyML 3.0.1 (22, 23) . Trees were visualized and edited in FigTree 1.4.2.
Definition of a transmission cluster A transmission cluster was determined by statistically supported nodes in the phylogeny as strongly supported clusters **aLRT-SH !0.9 and as moderately supported clusters *aLRT-SH !0.85 (based on expansive studies on HIV clusters, Joakim Esbjö rnsson, unpublished observations). Transmission clusters with ]80% of the sequences from D-county were defined as Swedish 'D-countyclusters'. If!80% of sequences belonged to female or male cases, we defined the clusters as a 'female' cluster or 'male' cluster, respectively, and otherwise as 'mixed' clusters. Clusters were determined as 'dyads' (two sequences), 3Á10 sequences as networks and larger clusters if!10 sequences.
Statistics
The linear-by-linear association test (LBL) was used to analyze trends over time. Other statistical analyses were performed using the two-tailed Fisher's exact test. Statistical analysis was performed using IBM SPSS Statistics for Windows, Version 21.0., IBM Corp, Armonk, NY.
Results
Study population and demographic characteristics
The demographic characteristics of the first time notified HCV-positive population in Sö dermanland (D-county) in 2002Á2009 (age, gender, country of transmission, risk factors, and reason for diagnosis) were in line with data on cases reported from all of Sweden (data extracted from SmiNet). The reason for HCV test analysis, as reported in SmiNet (D-county, 2002Á2009; N 0613), were screening of high-risk groups (38%), other reasons (29%), no information reported (23%), due to symptoms (7%), and epidemiological contact tracing (2%). HCV was most common among men, 397 of 613 (65%), and the average ages were 38 for men and 40 for women on the date of notification. Due to the often asymptomatic nature of hepatitis C, the age reported on the date of notification may considerably differ from the actual date of transmission. The male/female ratio (2:1) was consistent during the study period. The majority of cases, 354 of 613 (58%), were reported with injecting drug use as risk factor (male/ female; 2.8). Transmission via injecting drug use increased among females over the study period (from 12 to 40%, 2002Á2009, p00.044, LBL); however, no relative increase of the entire group of PWIDs was observed (from 16 to 18%, 2002Á2009, p 00.25, LBL). Unknown or no reported risk factor was reported with 177 of 613 (29%) frequency (male/female; 1.4), followed by 35 of 613 (6%) infected via contaminated blood/blood products (male/female; 0.67), and 31 of 613 (5%) via sexual contact (male/female; 0.55). A minority, 16 of 613 (2.5%), was reported with other routes of transmission. A majority, 425 of 613 (69%), of individuals stated Sweden as the most likely country of infection, 54 of 613 (9%) were reported with infection acquired in other countries, and 134 of 613 (22%) had no information on the country of infection. Overall, a nonsignificant decreasing trend of transmission within Sweden was found over the study period (from 92 to 82%, 2002Á 2009, p00.090, LBL). However, when the analysis was stratified by gender, this decreasing trend was significant among females (100 to 75%, 2002Á2009, p00.029, LBL). Based on this and that recombinants are considered rare (24), we have combined the genotype results in our analyses. The subtypes 1a and 3a were most prevalent, 38 and 34%, respectively, followed by 2b (19%) and 1b (6%). A few cases of minority subtypes were found (1g, 2a, 3h, 4a, 6a and 6e), of which all reported that they likely acquired the infection outside Sweden. The overall subtype distribution was relatively stable over the years except for the last year of sampling (2009), when eight 1b samples were collected compared to an average of 1.6 cases/year, 2002Á 2008. During the study period subtype, 1b increased among females (from 10 to 32%, 2002Á2009, p00.061, LBL). Also, minority subtypes increased both overall (from 0 to 6%, 2002Á2009, p00.007, LBL) and among men (from 0 to 10%, 2002Á2009, p00.010, LBL). The proportion of subtype 3a among females decreased (from 55 to 21%, 2002Á2009, p00.014, LBL), and among PWIDs subtype 1a increased significantly over the study period, both among males and females (from 29 to 57%, 2002Á2009, p 00.003, LBL).
Overall, subtype 1a dominated the prevalence among the cases transmitted via contaminated blood or blood products and among sexual transmissions in D-county during 2002Á2009 (Fig. 1) . Among the cases transmitted via injecting drug use, subtype 1a and 3a was equally (Fig. 1) .
Analysis of transmission clusters
The overall topologies of the 1a and 3a trees showed distinctly different patterns in the distribution of the Swedish D-county sequences. The 3a sequences from Dcounty were to a greater extent found in clusters compared with the 1a sequences from D-county (51 and 18%, respectively, Fig. 2 and Table 1 ). The 1a sequences were more highly interspersed as single sequences among the reference sequences compared with the 3a sequences (42 and 12%, respectively). A majority of these single sequences belonged to PWIDs. For subtype 1a, 13 D-county clusters were found; 11 dyads and two networks with three sequences each. For subtype 3a, 17 D-county clusters were found; six dyads and 11 networks with 3Á10 sequences (Table 1) . No large cluster was found; however, many of the 3a dyads and networks were part of a large cluster (just below the threshold of what we defined as moderately supported clusters) with 87 cases (N074 D-county sequences, aLRT-SH 0.85), Fig. 2b . Many of the international reference sequences (N013) in this cluster were isolated from PWIDs in the United Kingdom and France. Overall, this large cluster was overrepresented with strains from PWIDs first time notified in D-county in the beginning of the 90s till 2009.
All of the 3a clusters contained sequences isolated from cases with injection drug use as transmission source, while among the 1a clusters, three dyads were found isolated from cases with no reported relation to injection drug use (Fig. 3) . Unknown source of infection was common among cases of both subtypes and were often found together with sequences isolated from PWIDs in the clusters (Fig. 3) . None of the cases (infected with 1a, N 0 12, or 3a, N 06) transmitted via contaminated blood/ blood products were found to have closely related strains. However, the cases that inferred one of the 1a dyads (No. 5 in Fig. 3 ) included a strain likely indirectly received from the same source of contaminated blood. Of the sexual transmissions reported (infected with 1a, N 014, or 3a, N 06), none were directly related in the phylogeny. The sexual transmissions found in dyads or networks were often connected to PWIDs. The majority of 1a and 3a clusters had mixed gender and only one female cluster was found, a 1a dyad consisting of two cases transmitted via injecting drug use (Fig. 3) .
Discussion
This study was initiated due to the limited amount of molecular data on HCV strains circulating in Sweden. Here, we provide a population-based study from a Swedish county, Sö dermanland (D-county), with molecular data on !70% of all newly diagnosed cases of HCV, 2002Á 2009. Subtype 1a and 3a were most prevalently detected over the study period, and an increase in subtype 1b and minority subtypes was observed. The proportions of subtype 3a were higher among PWIDs than the rest of the population, where 1a dominated.
The majority of HCV tests in D-county were performed by testing of individuals of high-risk groups, such as PWIDs. This could explain the relatively high prevalence of 1a and 3a found in D-county since these subtypes have been observed among PWIDs in many European countries as well as North Africa and the Mediterranean basin (25Á27).
The increase in minority subtypes was likely caused by a change in migration flows since all cases had reported transmission in endemic countries as probable route of infection. Subtype 1b, which increased at the end of the study period, is so far considered relatively rare in Sweden (19) . However, in neighboring countries such as the Baltic countries and Russia, as well as other Mediterranean countries, there is high prevalence of subtype 1b (28, 29) . Several of the 1b subtypes isolated in D-county were retrieved from PWIDs (!25%) with transmission in Sweden. Emergence of new subtypes into the PWID networks can potentially bring about a change in the relative prevalence (20, 30Á32) . This has been observed, for example, with a 3a-to-1b shift among PWIDs in Estonia and increased prevalence of genotype 4 in Europe and subtype 6a in Vietnam and Hong Kong (19, 32, 33) . These observations suggest that any subtype has an epidemic potential under the right circumstances. At present, the treatment strategies are dependent on genotype when it comes to duration and outcome prediction using standard of care combination treatments with interferon, ribavirin, and DAAs (34) .
Substantial research on new DAAs has been directed toward genotype 1, which is the most prevalent genotype worldwide (8) , with a history of being one of the more difficult genotypes to treat. Today, genotype 3, with high prevalence among PWIDs (35, 36) , is considered to be the new challenge for effective treatment with many of the recent DAAs (12, 13, 37) . Until the latest pan-genotypic DAAs is affordable for the large mass of HCV-patients that needs to be treated, surveillance of genotype prevalence is of importance for national treatment strategies as well as better understanding of treatment of minority genotypes is needed. Over the past 10 years, the majority (95%) of notified cases in the national surveillance database lacked information on genotype (data extracted from SmiNet). It is unclear whether this is due to a low rate of genotyping tests performed or just low rate of reporting. However, improved reporting of genotyping data would allow tracking fluctuation in genotype prevalence in various epidemiological settings to signal possible changes in transmission. However, phylogenetic analysis of sequence data is required to reveal or verify detailed networks of transmission.
Subtype 1a and 3a were equally prevalent among the dominating risk group, PWIDs, while 1a was found to be the most common subtype among transmission via sexual contact as well as via contaminated blood or blood products. The second most common route of transmission reported was 'unknown' and many of the D-county clusters, both 1a and 3a, included sequences from cases with unknown routes of transmission intermixed with strains from PWIDs (Fig. 3 ). Individuals notified with unknown routes of transmission were often associated with high risk for drug-related care (4). It is possible that 'unknown' could indicate injection drug use, but that this was not reported due to reluctance in admitting persistent or sporadic drug use. Sexual transmissions could also be considered even if anticipated as a low-rate transmission route (38) . However, the spread of HCV has emerged among men who have sex with men (MSM) in Europe (39) during the past years. A few cases with reported sexual contact were also interspersed among the cases transmitted via injection drug use, both for subtype 1a and 3a, further implying sexual transmission from PWIDs to their partners. Other explanations for unknown transmission may be transmission at clinical settings, which has, for example, occurred in Sweden even after HCV was discovered (34, 40, 41) .
The subtype 1a and 3a sequences showed distinct patterns of distribution among the reference sequences in the phylogeny, suggesting different epidemics ( Fig. 2a and  b) . Subtype 1a sequences did not cluster as often and generally formed smaller clusters (2Á3 sequences) as compared with subtype 3a sequences (19% vs. 51% of the sequences formed D-county clusters, respectively). Subtype 1a sequences were also more intermixed with international reference sequences compared with subtype 3a, suggesting that extant subtype 1a lineages were introduced to D-county from multiple independent sources. The majority of the clustering 1a sequences were dyads with mixed gender and transmission via injection drug use, suggesting transmission between couples or in smaller PWIDs networks with more restricted needle sharing. We also observed a general increase, irrespective of infecting subtype, among female PWIDs (from 12 to 40%, 2002Á2009, p00,040) as well as a rise in subtype 1a among PWIDs over the study period. This suggests that there may be gender-based behavioral differences which need to be explored further. The increase in 1a among PWIDs indicated an upcoming rise in the number of subtype 1a cases in D-county. With the subclinical nature of HCV, the lag time between infection and actual diagnosis can be years to decades, and the many small subtype 1a clusters may reflect recent introductions that could expand into future larger networks.
Subtype 3a was most prevalent among PWIDs compared to the other risk groups in D-county. Subtype 3a is known to be highly prevalent among PWIDs and show increased incidence in various parts of the world (42Á46). Large, non-exclusive transmission clusters of subtype 3a among PWIDs worldwide has led to the suggestion that 3a spread through a unique worldwide epidemic driven by injection drug use (27, 35, 36, 45, 47, 48) . The 3a clusters in D-county likely grew over a long time, with cases reported as early as in the beginning of the 1990s. The larger 3a networks observed in D-county suggest that subtype 3a were more common in groups of PWIDs practicing highrisk behavior such as needle sharing and perhaps socializing in larger networks. In a Greek study, subtype 3a was in analogy characterized by faster epidemic growth over time compared with subtype 1a (45) .
Finally, single sequences, not forming clusters, also gave valuable information on transmission behavior in Dcounty. The phylogeny revealed that 42% of the subtype 1a sequences and 12% of the subtype 3a sequences were interspersed among the international reference sequences. A majority of these sequences, both for 1a and 3a, belonged to cases that acquired the infection in Sweden and had stated injection drug use as the likely source of infection. Many PWIDs are HCV positive or will contract the virus within 3 years after active injection drug use (49) , and it is possible that unreported cases connected to these individuals exist. Other explanations for single sequences may be the location of treatment facilities for PWIDs in Dcounty that may have contributed to the introduction HCV strains from other parts of Sweden. Single sequences from PWIDs may further reflect on injection drug use in the past, eliminated risk behaviors, emigration to other regions, or difficulties in contact tracing related individuals.
In conclusion, molecular characterization of HCV strains circulating in D-county over 8 years showed different transmission patterns for the most common subtypes 1a and 3a. Improved resolution of transmission patterns could be achieved by sequencing longer fragments or ultimately complete genomes. In addition, more sequences are needed, both national and international, to further explore and map clusters as regional or part of the nationwide spread.
From a public health perspective, molecular surveillance together with epidemiological data would allow survey of the transmission dynamics to promote targeted interventions.
